Introduction
Equine herpesviruses 1 and 4 (EHV-1 and EHV-4) are alphaherpesviruses responsible for significant economic loss within the equine industry. EHV-1 is associated with abortion, respiratory disease and neurological disease. EHV-4, previously classified as EHV-1 subtype 2, is primarily associated with respiratory disease but can also induce abortion (Allen & Bryans, 1986) . Current vaccines against EHV-1 and EHV-4 require multiple administration and are of limited efficacy. The development of a more effective vaccine would be aided by a greater understanding of the host immune response to infection by these viruses and by determining which EHV-1 or -4-specific components are responsible for eliciting a protective immune response. Such studies have focused on the envelope glycoproteins since in herpesviruses these proteins are known to be important targets of humoral and cell-mediated immune responses (Carter et al., 1981 ; Spear, 1985; Rosenthal et al., 1987) . Antibodies directed against EHV-1 and -4 glycoproteins are capable of virus neutralization (Allen & Bryans, 1986) and in the case of monoclonal antibodies against gpl3, gpl4 and gp17/18, can confer immunity to reinfection in a hamster model by passive immunization (Stokes et al., 1989) . EHV-1 and -4 glycoproteins have been implicated as targets for cell-mediated immunity through the recognition by equine lymphocytes of protein fractions containing major glycoproteins (Bridges et al., 1988) .
Electrophoretic analysis, by SDS-PAGE, of carbohydrate-containing envelope proteins of EHV-1 and EHV-4 has indicated that virions possess at least 12 glycoprotein species, eight of which are highly abundant within the virus envelope (Turtinen & Allen, 1982) . It is apparent from recent studies on the nature of these glycoprotein species that some may be specified by the same gene, differing from each other only in the degree of their post-translational processing (Meredith et al., 1989) . Genomic map positions of the genes encoding the major glycoproteins of EHV-1, gp2, gpl0, gpl3, gpl4, gp17/18 and gp21/22, have been reported (Allen & Yeargan, 1987) . Of these genes, three (gpl4, gpl3 and gp17/18) map at positions collinear with the herpes simplex virus type 1 (HSV-1) gB, gC and gE genes and analysis of EHV-1 sequence data has identified gpl4 and gpl 3 as gB and gC homologues respectively (Whalley et al., 1989; Allen & Coogle, 1988) . Analysis of EHV-4 sequence data has revealed the EHV-4 gB and gC gene homologues are similarly collinear with the HSV-1 genes and that agE homologue is encoded within the Us region of the genome (Riggio et al., 1989; (Cullinane et al., 1988) . Subfragments of EHV-4 BamHI C, generated by restriction endonuclease digestion, were cloned into a Bluescript M 13 + vector (Stratagene) for sequence analysis.
DNA sequencing. DNA sequencing was carried out by the Sanger dideoxynucleotide technique (Sanger et al., 1977) using denatured recombinant plasmid DNA as template and Bluescript-specific or " custom oligonucleotides as primers. Primer sequences annealed to single-stranded plasmid DNA were extended by the Klenow fragment (BCL sequencing grade) in the presence of dNTPs, ddNTPs (Pharmacia) and [35S]dATP (Amersham). Sequencing reaction products were electrophoresed through 0.6% acrylamide wedge gels using an LKB Macrophor apparatus. Gels were fixed in 10% acetic acid, dried, and exposed overnight to Amersham MP autoradiograph film. The sequence of 3.85 kbp of DNA was determined by analysis of overlapping sequence data (Fig. I b) . Sequence analysis was performed using Beckman Microgenie software (Queen & Korn, 1984) 
Results and Discussion

Analysis of EHV-4 genome map units 0.49 to 0.52
The EHV-4 genome is composed of long (L) and short (S) components of 109 kbp and 35 kbp respectively, the latter bounded by a set of inverted repeats (CuUinane et al., 1988) (Fig. l a) . The EHV-4 strain 1942 TK gene maps within a 2 kbp EcoRV/XhoI subfragment of the BamHI C fragment in the long unique component of the genome at approximate map position 0.48 . The nucleotide sequence of 3-85 kbp of DNA immediately downstream of the TK gene, determined according to the strategy outlined in Fig. 1 (b) , is detailed in Fig. 2. An ORF of 2565 bp located 170 bp downstream of the putative polyadenylation signal of the TK gene ( Fig. 2 ) is predicted to encode a polypeptide possessing features characteristic of a membrane glycoprotein.
Comparison of this putative EHV-4 glycoprotein to published herpesvirus glycoprotein sequences indicated similarity to the gH of HSV-1 and to its homologue within other alpha-, beta-and gammaherpesviruses. The gene is thus hereafter identified as the EHV-4 gH gene pending identification of its protein product and review of equine herpesvirus glycoprotein gene and gene product nomenclature. The DNA sequence upstream and downstream of this ORF was searched for putative gene control elements. Two potential TATA boxes, consensus sequence TA-TA(A)A(~0 (Corden et al., 1980) , are located at positions 87 to 93 (TATATAA) and 157 to 162 (TATATT). The polyadenylation signal AATAAA (Proudfoot & Brownlee, 1976) is not specified within the 3' non-coding DNA proximal to the termination codon, TAA, at 2750 bp. However the minor polyadenylation signals ATTAAA and AGTAAA (Birnstiel et al., 1985) are specified within the extreme Y-terminal coding region of the gene. The sequence, TGTGTTGT (2770 to 2777) shares homology with the consensus element of McLauchlan et al. (1985) , YGTGTTYY, often present 24 to 30 bp downstream of the polyadenylation signal element of HSV and mammalian mRNAs, and is located at an appropriate distance from the ATTAAA element at 2737 to 2742. However since consensus sequence elements may occur fortuitously within DNA, we cannot rule out the possibility that the EHV-4 gH transcript is terminated considerably farther downstream of the gene, and that it may encode a contiguous gene.
The modified scanning hypothesis of translation (Kozak, 1984) proposes that the initiation codon of a transcript is the first ATG downstream of the mRNA start site which is accessible to the ribosomal translational apparatus. The ATG at 185 to 187 bp, within the sequence CGATTATGT, is the first ATG downstream of the in-frame stop codon at 116 to 118 bp. Although the local sequence of this codon is only moderately homologous to Kozak's consensus sequence, CC(A)CCATGG, it does retain the purine at position -3, the most highly conserved feature of the 5' flanking sequence of the initiation codon of eukaryotic mRNAs. Assignment of this codon as the initiation codon of the gH gene is supported by the potential of the DNA immediately downstream to encode a functional signal peptide domain. The gene has a G + C content of 45 % which contrasts with the 67% G + C content of the HSV-1 gH (McGeoch & Davison, 1986 ) presumably reflecting a difference in the overall G + C content of the EHV-4 and HSV-1 genomes.
Downstream of the gH gene a region of direct repeat elements and a putative origin of replication were identified. The region of repeats comprises 20 elements from 18 to 27 bp of sequence (GCG)I 3-GCGGCGAGG(GCT)I 3. Since similar repeat elements in other herpesvirus genomes are unstable on cloning, the repeat region may be of greater size in the intact EHV-4 1942 genome. Specific repeat elements within HSV-I and VZV have been implicated in transcriptional regulation and identified as target sites for site-specific recombination (Davison & Scott, 1986) . However, the functional significance, if any, of most of these isolated repeat elements (as distinct from components of the major terminal and internal repeats) is unknown.
A possible EHV-4 UL origin of DNA replication (oriL) was identified through sequence similarity to the origins of replication of HSV-1 (Stow & McMonagle, 1983) , HSV-2 (Lockshon & Galloway, 1986) , VZV (Stow & Davison, 1986) and EHV-1 (Baumann et al., 1989) . Alphaherpesvirus origins are characterized by the presence of a 9 bp conserved sequence element, CGTTCGCAC, proximal to an A/T-rich region. In EHV-4, the sequence CGTTCGCAC (3355 to 3363 bp) and its complement GTGCGAACG (3400 to 3408 bp) flank an A/T-rich region of size comparable to that of the EHV-1 ori s sequence (Baumann et al., 1989) . The HSV and VZV origin sequences are palindromic implying a possible role for intrastrand base pairing in their function or regulation. The reported EHV-1 oris possesses fewer potential intrastrand base matches than those of HSV and VZV. Similarly the EHV-4 candidate sequence does not possess a perfect palindrome with only 21 potential base pairing events within each 54 base arm of a hypothetical cruciform structure (Fig. 3 ).
An ORF of transcriptional sense right to left was localized downstream of the EHV-4 repeats and putative origin of replication. The predicted C-terminal region of the product of this gene shares identity with the ~TTGT~TA~TT~TTTG~TAT~T~ATAG~G~TTGTGTGTTTCGTGTGTAAAcTT~GTTTCTAGTTTGGG~TATATAAGC~GTTGTGCTCTTAAATcATTTAGTA 120 ~TTGGTTACAAT~TTATTATATATTATTAGC~TT~GGAATTGGTCC~TCAAATGGTTTA/~CGGC~TGT~CATACAAACCAAT~CAACACCTAGTATT~3~
CTTA~CACTGGCTTG~GGAC~CGGAAC~CCATCCATTCATACGGACGGTCTGCT~CGGAATTTTAAACTCTCG~TCGCATAT~CTTT~TGCTGTTCGTGTATTTACTC~ 2160 L N T G L E D D G T T ] H S Y G R S A N G I L ~ S R I A Y N F D A V R V F T P E GTTGGCCTCATGCAGCACTAAACTAC~AAAA~TTTTGGTAGTGCTACCCTTAGCATCAAACCGAAGCTACGTTAT~CT~GTACTGCGC~AATATAGGTTT~cTTACTcTCTTGATGG 2280 L A S C S T K L p K V L V V L P L A S N R S Y V % T R T A P N I G L T Y S L 0 G GGTA~TATAGC~AGCCTATAGT~TCAGTTACAT~CTTATGGAAATTGTCAAGTTTC~GCTACAAT~GGTCAGTTTACTTG~CCATCCGGGC~CC~GTCGTGCGTATA 2400 V N ] A K p ] V I S y I T Y G N C O V S R A T I R S V Y L D H P G H T Q S C V Y TTGCGGGAGTGTGTTTATGCGGTATATGGCATCCGGAGCAATTATG~TTTGATATACATAGAT~CAAA~TGTA~GTTG~CAACTGGTAG~GGGGAAAACTCAACTATTCCAGCCTT 2520 C G S V F M R Y H A S G
TTACTTATCAATAGGTTCCAAATC~T~TTTCGCCT~T~GGGTTTGTACTACCTC~GCTATCTTCCGTTGAAAATTAC~CGG~ATGG~CGGT~GG~C~CCATATATAAAT 3~0
ATCT~GCG~TTG~TTGTAGACcGCAAACT~CCTTT~TGTAGTAAATTTTAC~TTA/U~ATGTTATTCGCCTT~TAAAATTAC~TA~GC~TGT~CTT~GTTTTTAT~ 3~0 UA
corresponding region of the polypeptides specified by gene UL21 of HSV-I and gene 38 of VZV (unpublished results). Neither the HSV-1 nor the VZV genome possesses repeat elements or a putative origin of replication in the intervening DNA between the coding regions of the gH gene and genes UL21 (HSV-1) or 38 (VZV).
The EHV-4 gH polypeptide
The EHV-4 gH gene encodes a protein 855 amino acids in length with a predicted Mr of 94100. It remains to be determined whether the native, processed EHV-4 gH corresponds to any of the previously reported EHV-4 glycoproteins (Turtinen & Allen, 1982; Meredith et al., 1989; Bridges et al., 1988) . The predicted polypeptide has the potential to exhibit the following structural features characteristic of membrane glycoproteins. hydrophobic amino acid residues within the extreme Nterminal region of the primary translation product. The hydrophobic region of the EHV-4 gH signal peptide is evident within the hydropathic plot shown in Fig. 4 . Application of the eukaryotic weight matrix developed by von Heijne (1986) for the prediction of signal sequence cleavage sites indicates that Ala (19) is the most probable terminal residue of the signal peptide. The predicted Mr of gH after cleavage of the signal peptide is 92130.
(ii) Hydrophilic external domain In membrane glycoproteins this major domain projects from the virion envelope or infected cell plasma membrane and comprises the glycosylated portion of the polypeptide. It is therefore usual to find potential Nlinked glycosylation sites (N-X-S/T) within this domain. Residues 20 to 816 may constitute the external domain of EHV-4 gH. Within this region there are 11 putative Nlinked glycosylation sites, seven of which are located within the N-terminal half of the polypeptide and four in the C-terminal half. Due to its exposure on the virion or cell surface this part of the protein is likely to contain the major antigenic determinants of gH with respect to the host humoral immune response and, in this case, possibly one or more complement-independent neutralization epitopes as in HSV-1, VZV, EBV and HCMV. (Hopp & Woods, 1981) . Positive values indicate a local hydrophilic environment, negative values indicate a local hydrophobic environment. (iii) Hydrophobic transmembrane domain A characteristic feature of membrane glycoproteins is the existence of a stretch of around 20 or more hydrophobic amino acids towards the C terminus. This has been hypothesized to constitute the membranespanning portion of the glycoprotein and may consist of one or more m-helical loops traversing the virion envelope or infected cell membrane. Amino acids 817 to 836 of the EHV-4 gH are enriched in hydrophobic residues (Fig. 4) and are predicted to constitute the gH transmembrane domain.
(iv) Cytoplasmic domain
The proposed cytoplasmic domain of EHV-4 gH stretches from amino acids 837 to 855 and is negatively charged• A proposed function of this domain is to anchor the transmembrane domain within the lipid bilayer and thus to fix the C-terminal end of the glycoprotein to the membrane.
With the exception of pseudorabies virus gH which is only 686 amino acids in length, the gHs of alphaherpesviruses tend to be larger than their beta-and gammaherpesvirus counterparts, ranging from 838 A comparison of the amino acid sequence of the gH proteins of alpha-, beta-and gammaherpesviruses by Gompels et al. (1988) and Cranage et al. (1988) indicated this greater diversity of sequence in the N-terminal region of the protein and highlighted several features of the gH protein conserved throughout the herpesvirus family: firstly, an unusually short cytoplasmic domain of 14 or 15 amino acids in alphaherpesviruses and of seven or eight amino acids in beta-and gammaherpesviruses, secondly, four conserved cysteine residues at similar positions relative to the putative transmembrane domain and within conserved local sequence, and thirdly, a conserved glycosylation site sequence NGTV 13 to 18 amino acids N-terminal to the transmembrane domain.
EHV-4 gH exhibits all the above features as shown in an alignment of the EHV-4, HSV-1 and VZV gHs ( , VZV (Keller et al., 1987) , HCMV (Cranage et aL, 1988) and EBV (Heineman et al., 1988) • Parameters used were a 30 amino acid window and a stringency of 53% glycosylation site is located within the sequence NGTV (amino acids 796 to 799) which is positioned 19 amino acids N-terminal to the putative EHV-4 transmembrane domain. The Cys residues at 737 and 740 in the EHV-4 gH occur at sites of cysteine conservation throughout most herpesvirus gHs, with the exception of HSV-1. The strong conservation of cysteine residues between the and VZV (Keller et al., 1987) gH genes. Conserved cysteines are asterisked and putative N-linked glycosylation sites are underlined.
EHV-4 and HSV-1 gHs and, indeed, throughout the alpha-, beta-and gammaherpesvirus gHs investigated implies some degree of conservation of the secondary and tertiary structure of these proteins presumably involving disulphide bonding (Gompels et al., 1988) . The potential of gH to elicit antibody which can neutralize viral infectivity in the absence of complement suggests that the glycoprotein might be a useful constituent of a vaccine preparation. The investigation of the antigenic characteristics of the EHV-4 gH and of other glycoproteins specified by EHV-4 should hopefully lead to a greater understanding of their individual and collective contribution to the elicitation of protective immunity in infected horses. This should assist in the development of vaccines which elicit a more effective protective immune response than the short-lived, apparently misdirected response elicited by natural EHV-l and -4 infection.
